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Texas A&M U n i v e r s i t y  
ABSTRACT - A n a l y s i s  o f  2 .  25  em u a v e l e n g f h  
radar  measurements  o f  A r c t i c  i c e  recorded  by NASA 
has  shown t h a t  i d e n t i f i c a L i o n  o f  s e v e r a l  d i f f e r e n t -  
i c e  t y p e s  i s  p o s s i b  Ze. The i d e n t i f i c a t i o n  accorn- 
p Zis31ed i n  t h i s  a n a l y s i s  depends aZmos t e n t i r e  Zy 
upon radar  r e  t u r n  e f f e c t s  due t o  szcrface topography ,  
I n  l a b o r a t o r y  t e s t s  u s i n g  s i m u l a t e d  radar  d a t a  which  
c o n t a i n e d  e f f e c t s  due t o  topography  o n l y ,  i t  was 
found t h a t  near  r e a l - t i m e  i d e n t i  f i c a i  t o n  of solrre 
i c e  t y p e s  could  be accompl i shed  u s i n g  a  r e  Zat-izrely 
s i m p l e  e  Z e c t r o n i c  ne t t lork .  T h i s  paper summarizes  
t h e  r e s u l t s  of t h e  a n a l y s i s  and d e s c r i b e s  t h e  s y s -  
tem s i m u l a t i o n .  
A q u a l i t a t i v e  model f o r  s e a  i c e  back -  
s c a t t e r  i s  proposed which  emp7zasises s u r f a c e  t o p o -  
gizaphy and near-surjcace voZurnetric s c a t 2 e r i n g  as  
t h e  dominant  f a c t o r s  e f f e c t i n g  t h e  radar  r e t u r n .  
The mode 2 ,  which  i n c o r p o r a t e s  r e c e n t  exper-intental  
r e s u l t s  o f  d e p o l a r i z a t i o n  dependence ,  s u g g e s t s  a  
new approach t o  i n t e r p r e t a t i o n  o f  r a d a r  b a c k s c a t t e r  
from s e a  i c e .  
RADAR STUDIES  OF A R C T I C  ICE 
by 
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INTRODUCTION 
The measurements of r a d a r  backs c a t t e r  ob t a ined  
by a  Na t iona l  Aeronaut ics  and Space Admin i s t r a t i on  a i r -  
c r a f t  i n  1967 c o n s t i t u t e  one of t h e  few known s e t s  of 
d a t a  a v a i l a b l e  of  a  form and q u a l i t y  s u i t a b l e  f o r  eva lu -  
a t i o n  of  t h e  c a p a b i l i t y  of  a i r b o r n e  r a d a r  t o  i d e n t i f y  
s e a  i c e  t ypes .  An a n a l y s i s  o f  t h e s e  d a t a  by Rouse (1969) 
e s t a b l i s h e d  t h e  pctentia: 
c a t i o n  by r a d a r .  Subsequent s t u d i e s  a t  Texas AF,M Uni-ver- 
s i t y  confirmed t h e s e  r e s u l t s  and showed t h a t  d a t a  o f  
h i g h e r  q u a l i t y  and g r e a t e r  v a r i e t y ,  e .  g .  mu l t i - f r equency  
m u l t i - p o l a r i z a t i o n ,  e t c .  was r e q u i r e d  b e f o r e  t h e  f u l l  
p o t e n t i a l  o f  t he  s e n s o r  cou ld  be p r o p e r l y  acces sed .  
The r a d a r  a n a l y s i s ,  which i s  reviewed i n  t h i s  
pape r ,  u t i l i z e d  p r o p e r t i e s  o f  t h e  b a c k s c a t t e r  predomi- 
n a n t l y  determined by s u r f a c e  topography.  The quality of  
t h e  d a t a  would n o t  s u p p o r t  conc lus ions  based  upon sur- 
f a c e  composit ion changes ,  however such changes were e v i -  
den t  i n  t h e  d a t a  as expec ted  i n  view of  t h e  d i f f e r e n c e s  
i n  physicax c h a r a c t e r i s  t i  cs among va r ious  types  o f  
s e a  i c e .  I n c o r p o r a t i o n  of  t h e  d i e l e c t r i c  p r o p e r t i e s  
of  s e a  i c e  i n t o  t h e  d a t a  a n a l y s i s  procedure  i s  shown 
t o  be t h e  neces sa ry  n e x t  phase  of t h e  s t u d y ,  
The a n a l y s i s  e f f o r t  u t i l i z e d  a  v a r i e t y  o f  
s t a t i s  t i c a l  t echn iques  i n  e s t a b l i s h i n g  t h e  c o r r e l a -  
t i o n  between t h e  r a d a r  measurements and t h e  s e a  i c e  
d i s t r i b u t i o n s .  Some of t h e s e  methods were of a  form 
adap tab l e  t o  s imple  e l e c t r o n i c  ana log  computer n e t -  
works. This l a b o r a t o r y  network prov ided  a means t o  
p roces s  t h e  ana log  r a d a r  o u t p u t  s i g n a l  f o r  r e a l - t i m e  
de t e rmina t ion  o f  c e r t a i n  i c e  types  r e s p o n s i b l e  f o r  
t h e  r a d a r  r e t u r n .  
Recent exper imenta l  o b s e r v a t i o n s  of  t h e  
b a c k s c a t t e r  c h a r a c t e r i s t i c s  o f  cohe ren t  l i g h t  con- 
ducted by Leader (1970) s u g g e s t  a  ners s c a t t e r i n g  
model. adap tab l e  t o  s e a  i c e  s t u d i e s .  The most s i g n i -  
f i c a n t  p r o p e r t y  of t h i s  model i s  t h e  h igh  degree  of 
dependence of t h e  d e p o l a r i  zed backs c a t t e r  upon d i e -  
l e c t r i c  p r o p e r t i e s  of a  s c a t t e r i n g  volume n e a r  t he  
s u r f a c e .  The s a l t - w a t e r  i c e  a t t e n u a t i o n  s t u d i e s  by 
Hoekstra. (1969) have a l r e a d y  e s t a b l i s h e d  t h a t  t h e  
" layer"  model commonly used f o r  a n a l y s i s  of  f r e s h -  
wa te r  i c e  b a c l t s c a t t e r  i s  i n a p p r o p r i a t e  f o r  s e a  i c e .  
A v o l u m e t r i c  s c a t t e r  rnodel which i n c o r p o r a t e s  rough 
s u r f a c e  s c a t t e r  and inhomogeneous volume s c a t t e r  i s  
sugges t ed .  
ARCTIC I C E  RADAR RETURN 
I n  May, 1967,  t h e  NASA 927 PJA ( E l e c t r a )  
remote s e n s o r  a i r c r a f t  f l ew r e p e a t e d  miss ions  n e a r  
P t .  Barrow, Alaska,  t o  r eco rd  d a t a  from A r c t i c  i c e ,  
The pr imary f l i g h t s  were over  s e l e c t e d  l i n e s  a t  Pt, 
Barrow, which were e s t a b l i s h e d  and documented by 
CRREL p e r s o n n e l  (headed by J. McLerran) and A r c t i c  
1nsZi iu" ie  p e r s o n n e l ,  ' and over  two l i n e s  l o c a t e d  
approximately  150 nm n o r t h - * o r t h e a s t  of P t .  Barrow. 
One of t h e s e  l i n e s  was documented by a  Navy Ocean- 
og raph ic  O f f i c e  team (headed by R.  D .  Ketchum) camped 
a t  t h e  s i t e .  I n  a d d i t i o n ,  s e v e r a l  l i n e s  were s e l e c t e d  
a t  random dur ing  t h e  f l i g h t s .  The d a t a  c o l l e c t e d  i n -  
c luded b lack-and-whi te  photography,  c o l o r  I R  photography,  
X-band rad iometer  images, I R  images,  and 2.25-cm r a d a r  
s ca t t e rome  t e r  measuremerlts . Due t o  t h e  extreme c loud 
cover expe r i enced  dai1.y d u r i n g  t h e  mi s s ion ,  much of 
t h e  photography and imagery i s  degraded;  however, t h e  
r a d a r  d a t a  a r e  reasonably  good, and c o n s t i t u t e  t h e  
most h i g h l y  c o n t r o l l e d  r a d a r  measurements o f  A r c t i c  
i c e  known t o  e x i s t .  
Radar s cat terome t e r s  measure v a r i a t i o n  of 
t h e  s c a t t e r i n g  c o e f f i c i e n t  o f  s u r f a c e s  w i t h  i nc idence  
ang le .  S c a t t e r o m e t e r  measurements pe rmi t  a  more de -  
t a i l e d  o b s e r v a t i o n  of r a d a r  s c a t t e r i n g  behav io r  than  
r a d a r  images, a l though  t h e  r e s o l u t i o n  and a r e a  cov- 
e r age  a r e  p o o r e r .  The NASA s c a t t e r o m e t e r  used  i n  
t h i s  measurement program was a  2.25 cm wavelength 
Ryan Redop system.  This  r a d a r  t r a n s m i t s  a  v e r t i c a l -  
p o l a r i z a t i o n  CW s i g n a l  i n  a  "fan-beam" an tenna  p a t -  
t e r n .  The i l l u m i n a t e d  a r e a  i s  120" (260") f o r e - a f t  
a long  t h e  a i r c r a f t  f l i g h t  l i n e  and 3" ( + l . S O )  p o r t -  
The r a d a r  r e t u r n  was recorded  on magnet ic  
t ape  and subsequen t ly  p roces sed  through a  s e t  o f  
Doppler f i l t e r s .  Each f i l t e r  r e p r e s e n t e d  a  d i s c r e t e  
i nc idence  ang le  w i t h i n  t h e  0" - to -60"  ( f o r e  and a f t )  
beam, e . g . ,  2 . S 0 ,  7 .2" ,  l S O ,  2 S 0 ,  e t c .  The f i l t e r  
f r equenc i e s  correspond t o  t h e  i nc idence  a n g l e  accord-  
i n g  t o  tllc r e l a t i o n  
where: f d  = Doppler f requency s h i f t  
v  = r e l a t i v e  v e l o c i t y  o f  r a d a r  
8 = i nc idence  ang le  
X = wavelength  
S ince  t h e  e n t i r e  120" x 3" r eg ion  i s  con t inuous ly  i l -  
luminated,  t h e  e n t i r e  s c a t t e r i n g  c o e f f i c i . e n t  v e r s u s  
i nc idence  ang le  curve f o r e  and a f t  i s  recorded  du r ing  
a  s i n g l e  o v e r f l i g h t .  By s u i t a b l e  p r o c e s s i n g  of  t h e  
r e t u r n  s i g n a l ,  a  s c a t t e r i n g  c o e f f i c i e n t  ve r sus  i n c i -  I I
dence ang le  p l o t  was ob t a ined  which shows t h e  s c a t -  
, 
t e r i n g  c o e f f i c i e n t  v a r i a t i o n  f o r  p a r t i c u l a r  t e r r a i n  , I 
I 
I 
" c e l l s "  a long  t h e  f l i g h t  l i n e .  This  i s  done by de- I I 
l a y i n g  i n  time t h e  s i g n a l  ou tpu t s  o f  each Doppler f i?i . ter .  
By a p p r o p r i a t e  cho ice  GI each  t i n e  d e l a y ,  we ob'ir-rirleii 
t he  e f f e c t  of  viewing one s p o t  on t he  t e r r a i n  from 
s e v e r a l  ang les  s imu l t aneous ly ,  The d a t a  shown i n  t h i s  
pape r  a r e  t h e  s c a t t e r i n g  c o e f f i c i e n t s  f o r  a d j  a c e n t  
" c e l l s "  on t h e  i c e  about  30 meters  squa re .  S ince  t h e  
r a d a r  r e t u r n s  a r e  recorded  i n  q u a d r a t u r e ,  t h e  f o r e -  
beam and af t -beam d a t a  a r e  s e p a r a t e d .  The r e s u l t s  
shown h e r e  a r e  fore-beam measurements o n l y .  
The r a d a r  s c a t t e r o m e t r y  d a t a  a n a l y s i s  con- 
c e n t r a t e d  on t h r e e  f l i g h t  l i n e s  d e s i g n a t e d  l i n e  9 2 ,  
l i n e  9 4 ,  and l i n e  9 1 .  
Line 92 
I n  F i g .  1 i s  shown a  segment of l i n e  9 2  
l o c a t e d  approximate 1.y 150 nm n o r t h - n o r t h e a s  t of P t  . 
Barrow, Alaska.  This segment c o n s i s t s  o f  a  l a r g e  
m u l t i y e a r  i c e  f l o e  ( t o  t h e  l e f t  of A ) ,  rough f i r s t -  
y e a r  i c e  ( r e g i o n  F) , smooth f i r s t - y e a r  i c e  ( r eg ions  
B and D ) ,  and two s m a l l  m u l t i y e a r  p i e c e s  about  100 
- meters  long ( l o c a t e d  a t  C and E ) .  This l i n e  was 
documented by a  NAVOCEANO team camped on t h e  o l d  i c e  
f l o e .  T h e i r  r e p o r t  shows t h e  o l d  i c e  f l o e  t o  be s e v -  
e r a l  y e a r s  i n  age.  I t  i s  w e l l  wea thered ,  and t h e  
hummocks a r e  w e l l  rounded. The peaks of t h e  r i d g e s  
I 
a r e  b a r e  i c e ,  an; t h e  dep re s sed  a r e a s  c o n t a i n  snow 
va ry ing  i n  depth  between 20 and 60 cm. The f i r s t -  
y e a r  i c e  has  an  average  t h i c k n e s s  o f  1 .35  mete rs  and 
i s  reasonably  uniform. I t  i s  covered by numerous 
s c a t t e r e d  b locks  of  i c e ;  however, t h e  snow cover. i s  
on ly  1 - 2  cm. The hummocking i s  m i l d ,  and most r i d g e s  
a r e .  l e s s  t han  1 meter  h i g h ,  e x c e p t  i n  r e g i o n  F where 
t he  hummocking i s  more dense .  The p r e s s u r e  r i d g e  
b o r d e r i n g  t h e  o l d  i c e  f l o e  i s  approximately  2 meters  
h i g h .  
I n  F i g .  2 i s  shown a  segment of  l i n e  94  
which i s  l o c a t e d  p a r a l l e l  t o  l i n e  9 2  and d i s p l a c e d  
approximately  5 m i l e s .  The i c e  types  and c o n d i t i o ~ z s  
p r e s e n t  i n  t h e  l i n e  a r e  s i m i l a r  t o  those  d e s c r i b e d  
i n  l i n e  9 2 .  R e f e r r i n g  t o  t h e  photo  mosaic,  tllc prom- 
i n e n t  boundar ies  a r e  a t  B ,  which denotes  a  boundary 
between r i d g e d  and smooth f i r s t - y e a r  i c e ;  D ,  which 
denotes  a  boundary between smooth f i r s t - y e a . r  i c e  and 
m u l t i y e a r  i c e  a t  an open wa te r  c r ack ;  I ,  which denotes  
a  boundary between m u l t i y e a r  i c e  and smooth f i r s t  - y e a r  
i c e ;  and K ,  which denotes  a  h igh  p r e s s u r e  r i d g e  d i -  
v i d i n g  t w z  s c c t i u n s  of  smccth f i r s t - y e a r  i c e .  
The r a d a r  s c a t t e r o m e t e r  p r o f i l e  i s  l a b e l e d  
t o  show t h e  c l o s e  c o r r e l a t i o n  of t h e  r a d a r  d a t a  wi th  
t h e  v a r i o u s  i c e  a r e a s .  The h i g h  r e t u r n  shown a t  K 
i s  from a  p r e s s u r e  r i d g e  running through t h e  f i r s t -  
y e a r  i c e .  From t h e  p r o f i l e  shown i n  F i g .  2 a t  25 '  
i nc idence  ang le  t h e r e  i s  l i t t l e  d i f f e r e n t i a t i o n  be-  
tween t h e  a r e a  o f  p r e s s u r e - r i d g e d  f i r s t - y e a r  i c e  
l a b e l e d  K and t h e  o l d  r e g i o n ,  D through I .  However, 
t h i s  r e g i o n  ( D  through I )  was c l e a r l y  d e l i n e z t c d ,  
u t i l i z i n g  d a t a  from o t h e r  a n g l e s ,  as  i s  e v i d e n t  upon 
examining the  a 0  ve r sus  O p l o t s  f o r  t he  d i f f e r e n t  
r eg ions .  A s  an example, t h e  s c a t t e r i n g  c o e f f i c i e n t  
from 7 . 2 "  and 51.7" i nc idence  ang les  a r e  p l o t t e d  
a g a i n s t  each  o t h e r  i n  F i g .  3. The d a t a  i n d i c a t e d  
on t h e  graph by c i r c l e s  a r e  from t h e  o l d - i c e  s e c t i o n  
( D  through I ) .  The t r i a n g l e s  i n d i c a t e  d a t a  t o  the  
r i g h t  of t h e  boundary a t  D ,  and t he  s o l i d  d o t s  i n -  
d i c a t e  d a t a  t o  t he  l e f t  o f  t h e  boundary a t  I .  I n  
t h i s  g r a p h i c a l  method of d a t a  comparison t h e  r e t u r n s  
from t h e  o l d  i c e  form a  s e t  l a b e l e d  1 i n  F i g .  3 .  The 
p o i n t s  i n  t h e  r e g i o n  l a b e l e d  2 a r e  from two l a r g e  
p r e s s u r e - r i d g a  r e g i o n s ,  cne a t  t h z  z r e a  l z b c l e d  A of  
F i g .  2 and t h e  o t h e r  a t  K .  The r e g i o n  l a b e l e d  3 of  
F i g .  3 r e p r e s e n t s  d a t a  from t h e  very  smooth f i r s t -  
y e a r  i c e  t o  t h e  l e f t  of  K i n  F ig .  2 .  (Most of  t h e  
r e g i o n  i s  n o t  shown on t h e  a i r  photo  mosaic . )  The 
d a t a  i n  ca t ego ry  4 a r e  from a  combination of smooth 
and mi ld ly  r i d g e d  f i r s t - y e a r  i c e .  
Line 91 
,The c a t e g o r i e s  i l l u s t r a t e d  by F i g ,  3 s i l a ~ ~ ~  
a  c l e a r  d i f f e r e n t i a t i o n  of  m u l t i y e a r  i c e  and a r e a s  o f  
major p r e s s u r e  r i d g i n g ;  however, d i f f e r e n t i a t i o n  b e -  
tween smooth f i r s t - y e a r  i c e .  and mi ld ly  r i d g e d  f i r s t -  
y e a r  i c e  i s  n o t  s u f f i c i e n t l y  d i s t i n c t  t o  make p o s i t J v e  
i d e n t i f i c a t i o n  between types .  The re fo re ,  d a t a  from 
a  r e g i o n  of e x c l u s i v e l y  f i r s t - y e a r  i c e  were examined. 
This segment ( l i n e  91) i s  shown i n  Fig .  4 .  From t h e  
s ca t t e rome  t r y  d a t a  p r o f i l e  accompanying t h e  photo  
mosaic i t  i s  e v i d e n t  t h a t  t h e  i c e - w a t e r  boundar ies  
a t  A and F a r e  c l e a r l y  shown. Likewise,  t h e  c racks  
a t  a r e a  B a r e  e v i d e n t  by "$p ik ing ."  However, t h e  
t r a n s i t i o n  between smooth f i r s t - y e a r  i c e  i n  a r e a s  C 
through F i s  n o t  as  d i s t i n c t .  A boundary i s  no t ed  
a t  C between smooth f i r s t - y e a r  i c e  and t h e  crumbling 
b lock  s t r u c t u r e  a t  a  major  p r e s s u r e  r i d g e .  S i m i l a r l y ,  
t h e  t r a n s i t i o n  through t h e  r e l a t i v e l y  l a r g e ,  smooth 
i c e  s e c t i o n  shown a t  D i s  e v i d e n t  i n  t h e  s c a t t e r o m e t r y  
d a t a .  C l e a r l y ,  however, t h e  s h a r p  c o n t r a s t  no t ed  i n  
F i g .  2 between o l d  i c e  and f i r s t - y e a r  i c e  i s  n o t  e v i -  
den t  i n  F ig .  4 ,  which c o n s i s t s  on ly  of f i r s t - y e a r  i c c  
i n  two s t a t e s ,  smooth and r i d g c d .  
IJoJ.nt-by-point  comparison of t h e  s c a t t e r i n g  
c o e f f i c i e n t  curves  f o r  t h r e e  r eg ions  i n  each l i n e  
shown i n  F i g s .  1, 2 ,  and 4 i n d i c a t e s  t h a t  t h e  measure- 
ments of t he  two r eg ions  of  o l d  i c e  i n  l i n e  92 a r e  i n  
good agreement.  The d i s t i n c t i o n  be tween t h e  r e t u r n  
from t h e  o l d  i c e  i n  l i n e  94 and t h e  r e g i o n  K r e t u r n  
i s  an approximate 3-dB d i f f e r e n c e  i n  curves  t o  2 S 0  
w i t h  an i n c r e a s i n g  d i f f e r e n c e  beyond 2 S 0 ,  and t h e  two 
r eg ions  of f i r s t - y e a r  i c e  i n  l i n e  9 1  a r e  very  s i m i l a r  
excep t  f o r  t h e  more r a p i d  f l a t t e n i n g  of t he  curve  f o r  
r i d g e d  i c e .  
In  F i g .  5  t h e  s c a t t e r i n g  c o e f f i c i e n t  curves  
f o r  t h e  f i r s t - y e a r  i c e  r eg ions  i n  l i n e s  92 and 94 a r e  
compared w i t h  t he  r i d g e d  f i r s t - y e a r  i c e  r eg ion  i n  
: l i n e  91. The agreement,  e s p e c i a l l y  i n  shape ,  i s  good. 
The smooth f i r s t - y e a r  i c e  r e g i o n  i n  l i n e  91  e x h i b i t e d  
t o o  g r e a t  a  s l o p e  n e a r  t h e  v e r t i c a l  f o r  good agreement 
w i t h  t h e  r e s u l t s  o f  l i n e s  92 and 94.  The f i r s t - y e a r  
i c e  i n  l i n e  91  ( r e g i o n  B) i s  very  smooth r e l n t i v c  t o  
t h e  b l o c k - s  trewn f i r s  t - y e a r  i c e  o f  t h e  lnorc n o r t h e r n  
i c e  i n  l i n e s  92 and 94. In  F i g .  6 t he  m u l t i y e a r  i c e  
measurements o f  l i n e  92 a r e  compared w i t h  t h e  m u l t i -  
y e a r  i c e  o f  l i n e  94. The agreement i s  good t o  3S0. 
T h e r e a f t e r  t he  1  i n e  9 2  curves  a r e  much h i g h e r  f o r  
\ both  o l d - i c e  r e g i o n s .  
V i sua l  comparison of t h e  r e s u l t s  g ives  some 
i n s i g h t  as  t o  t h e  behav io r  o f  t he  r e t u r n .  D e t a i l i n g  
t h e  comparisons as i n  F i g .  3 v e r i f i e s  t h e  . " s i g n a t u r e f "  
c h a r a c t e r i s t i c s ,  and ex tend ing  t h i s  approach t o  mul- 
t i p l e  a n g l e s ,  i .  e .  , t h r e e -  .and four -d imens iona l  com- 
p a r i s o n s ,  f u r t h e r  emphasizes i c e  type d i s c r i m i n a t i o n .  
However, such approaches a r e  q u a n t i t a t i v e ,  and a more 
s p e c i f i c  means of  c a t e g o r i z i n g  i s  d e s i r e d .  
. CATEGORIZATION TECHNIQUES 
I t  i s  e v i d e n t  from t h e  q u a n t i t a t i v e  a n a l y s i s  
p r e s e n t e d  t h a t  t h e  d a t a  have d i s t i n c t i v e  c h a r a c t e r i s t i c s  
a s s o c i a t e d  w i t h  t h e  i c e  type r e s p o n s i b l e  f o r  t h e  r a d a r  
r e t u r n .  There a r e  numerous s t a t i s t i c a l  t echn iques  
which can be employed t o  c a t e g o r i z e  t h e s e  f e a t u r e s ,  of 
which t h e  fo l l owing  r e p r e s e n t  u s e f u l  examples. Thcse  
t e chn iques  i n c l u d e  a  s i n g l e  v a r i a b l e  method based on 
a b a c k s c a t t e r  t heo ry  p o p u l a r l y  known as  t h e  Kirchhoff  
method, v a r i o u s  e m p i r i c a l  po lynomia l s ,  g e n e r a l  c l u s t e r  
a n a l y s i s ,  and p a t t e r n  c l a s s i f i c a t i o n  techniques  using 
minimum d i s t a n c e  and Bayes maximum 1ikel ih .ood c r i t e r i a ,  
Kirchhof f  Method 
One a n a l y s i s  t e chn ique  used was based  on 
t h e  Ki rchhof f  method p r e v i o u s l y  used  by Rouse (1969) 
and s u b s e q u e n t l y  adap t ed  f o r  t he  computer by Eppes 
(1969) .  . The t e chn ique  c o n s i s t s  o f  f i t t i n g  a func -  
t i o n a l  r e l a t i o n s h i p  t o  t h e  d a t a .  
The computer a n a l y s i s  t e chn ique  used  by 
Eppes t o  f i t  t h e  f u n c t i o n a l  r e l a t i o n s h i p  was based  
on t h e  method of  l e a s t  s q u a r e s ,  an a p p l i c a t i o n  of  
p r e d i c t i o n  a n a l y s i s  a s  d e s c r i b e d  by Wolberg (1967) . 
A s e t  o f  pa r ame te r s  i s  i t e r a t i v e l y  a d j u s t e d  s o  t h a t  
I 
t h e  s u x  cf the  m a n - s q u a r e d  e r r o r  i s  a m in i~u rn .  
The f u n c t i o n a l  r e l a t i o n s h i p  used  i s  o b t a i n e d  
from an  e q u a t i o n  deve loped  by Hagfors  (1964) u s i n g  t h e  
K i r chho f f  method o f  d e s c r i b i n g  s c a t t e r i n g  energy  from 
s u r f a c e s  whose c h a r a c t e r i s t i c s  a r e  d e s c r i b e d  by an 
e x p o n e n t i a l  a u t o c o r r e l a t i o n  f u n c t i o n .  The r e l a t i o n  
is :  
a 0  = k l og  ( c o s 4 8  + S s i n 2 8 )  
where:  a 0  = averagc  s c a t t e r i n g  c o c f f i c i c n t  
8 = i n c i d e n c e  a n g l e  from n a d i r  
S = s u r f a c e  roughness f a c t o r  
I n  u s ing  t h i s  t echn ique  i t  i s  assumed t h a t  t h e  s u r f a c e  
roughness f a c t o r  S  w i l l  have va lues  c h a r a c t e r i s t i c  o f  
t h e  s u r f a c e  types  r e s p o n s i b l e  f o r  t h e  r a d a r  returned, 
Since  t h e  Kirchhoff  e q u a t i o n  d e s c r i b e s  n o r -  
mal ized energy r e t u r n e d  from an i l l u m i n a t e d  s u r f a c e  i n  
db, va lues  o f  t h e  s c a t t e r i n g  c o e f f i c i e n t  a r e  expec ted  
t o  be n e g a t i v e .  This  however i s  n o t  always t h e  case  
f o r  v a l u e s  determined f o r  Miss ion 4 7 .  Average values 
of  a 0  vary  from l i n e  t o  l i n e  over  s i m i l a r  i c e  types  a s  
mentioned b e f o r e  and i n  many ca se s  va lues  f o r  a 0  were 
p o s i t i v e .  The f i r s t  va lues  f o r  t h e  s u r f a c e  roughness 
f a c t o r  were ob t a ined  by no rma l i z ing  each d a t a  c e l l  to 
i t s  l a r g e s t  va iue  of  5' and then app ly ing  t h e  f i t t i n ( >  b 
program t o  f i n d  t h e  b e s t  f i t .  Th is  approach would 
g e n e r a l l y  c a t e g o r i z e  t h e  shape of t h e  curve and avo id  
t h e  problem of  d c  s h i f t .  These va lues  o f  t he  s u r f a c e  
roughness f a c t o r  were determined f o r  t h e  f i r s t  ang les  
o f  each d a t a  c e l l  ( i . e .  2 . S 0 ,  3 . 0 ° ,  7 .0 ° ,  1 5 . 0 ° ,  and 
25.0') and t h e  average va lues  o f  t h e  s u r f a c e  roughness 
f a c t o r  f o r  t h e  t r a i n i n g  s e t s  a r e  t a b u l a t e d  as  SRF i n  
Table 2 f o T  t h e  i c e  types  shown i n  Table 1. 
The l a r g e  va lues  o f  s u r f a c e  roughness f a c t o r  
i n d i c a t e  a  g e n e r a l l y  smoother s u r f a c e .  Thus, f o r  exampic ,  
t he  s u r f a c e  roughness f a c t o r  ob t a ined  f o r  water/ne.ii\r I c c  
i n  l i n e  9 1  i s  s i g n i f i c a n t l y  l a r g e r  than f o r  t he  v a r i o u s  
types  o f  f i r s t  y e a r  i c e ,  
I n  t.he l i n e s  where f i r s t  y e a r  and m u l t i - y c a r  
i c e  a r e  p r e s e n t ,  i t  i s  apparen t  from the  s u r f a c e  rough- 
nes s  f a c t o r  t h a t  t h e  m u l t i - y e a r  i c e  i s  rougher than 
f i r s t  y e a r  i c e .  This might i n d i c a t e  a  more vo lume t r i c  
roughness as  p r e v i o u s l y  cons ide red .  In  comparison be-  
tween f i r s t  y e a r  t y p e s ,  types  I 1  and. V I  appear  smoother 
t han  t h e  o t h e r  types  as  expec t ed ;  however, type I1 i c e  
has  a. s m a l l e r  s u r f a c e  roughness f a c t o r  tha.n type 11. 
Type I i c e  i s  broken type I1 i c e ,  and due t o  1-arge 
p i e c e s  h o l d i n g  t o g e t h e r ,  i t s  s u r f a c e  roughness f a c t o r  
on an average i s  l a r g e r  t han  would be appa ren t  from 
t h e  photography.  The t r a i n i n g  r eg ion  f o r  type I11 
appears  t o  be s l i g h t l y  r i d g e d ,  and t h e  snow appears  
t o  have banked i n  t h a t  r e g i o n .  Thus, i t  i s  p o s s i b l e  
t h a t  more vo lume t r i c  s c a t t e r i n g  i s  appa ren t  froin t he  
type  I11 i c e .  
I n  o r d e r  t o  u t i l i z e  t he  e f f e c t  of t h e  average 
s h i f t  i n  the  d a t a ,  t h e  Kirchhoff  equa t ion  d e s c r i b e d  
p r e v i o u s l y  was modi f ied  by t h e  a d d i t i o n  o f  a  c o n s t a n t .  
Thus t h e  modi f ied  Kirchhoff  equa t ion  became 
a" k l og  (cos'8 + S s i n 2 @ )  + b  
where: b  = a  c o n s t a n t  
This e q u a t i o n  was t h e n  f i t ,  u s i n g  t h e  Eppes 
a n a l y s i s  program, va ry ing  t h e  two paramete rs  S, -the 
s u r f a c e  roughness f a c t o r ,  and b ,  t h e  c o n s t a n t s h i  ft, 
I n  o r d e r  t o  g e t  a s  b road  an ave rag ing  as  p o s s i b l e ,  
t h e  ang les  s e l e c t e d  were 2 . ' S 0 ,  7 . 0 ° ,  15 .0° ,  25.G0, 
35 .0° .  These r e s u l t s  a r e  averaged f o r  t h e  t r a i n i n g  
s e t s  and p r e s e n t e d  i n  Table 2 a s  SRF2 and CON. The 
c l u s t e r i n g  of t h e s e  paramete rs  i s  shown i n  F igu re s  7 - 9 ,  
Polynomial  F i t  
I t  was f e l t  t h a t  an e q u a t i o n  more s u i t a b l e  
f o r  machine implementa t ion  might be e m p i r i c a l l y  foulid 
t o  f i t  t h e  d a t a .  S ince  a  l i n e a r  sys tem i s  most easily 
b u i l t ,  t h e  s e a r c h  f o r  f u n c t i o n s  t o  f i t  t h e  d a t a  was 
l i m i t e d  t o  l i n e a r  po lynomia l s .  These polynomials  were 
s e l e c t e d  s o  t h a t  t h e i r  c o e f f i c i e n t s  might  d e s c r i b e  
e i t h e r  t h e  s h i f t  i n  t h e  d a t a  due t o  changing d i e l e c t r i c  
c o n s t a n t  o r  t he  v a r i a t i o n s  due t o  s u r f a c e  roughness ,  
The polynomials  were a l s o  s e l e c t e d  t o  f i t  t h e  shape 
of t h e  average d a t a  curves .  
The polynomials  s e l e c t e d  f o r  a n a l y s i s  were 
t r i e d  on data. ( ang le s  7 .0 ° ,  15 .0° ,  25 .0° ,  35.0° ,  and 
51.0') from l i n e  9 4  t o  t e s t  t h e i r  a p p l i c a b i l i t y  and 
c l o s e n e s s  o f  f i t .  They a r e  l i s t e d  i n  T a b l e  3 w i t h  
t h e i r  a v e r a g e  l e a s t  s q u a r e d  e r r o r  f o r  t h e  p o i n t s  i n  
l i n e  9 4 .  
The c o e f f i c i e n t s  o f  e a c h  p o l y m o n i a l  were  
p r e s e n t e d  on a  c l u s t e r  c h a r t .  The most  s i g n i f i c a n t  
c l u s t e r i n g  o c c u r r e d  f o r  E q u a t i o n  I1 between a  and b 
c o e f f i c i e n t s .  T h i s  p o l y n o m i a l  was s u b s e q u e n t l y  s e -  
l e c t e d  f o r  a n a l y s i s  o f  e a c h  l i n e ,  and t h e  c l u s t e r i n g  
i s  shown i n  F i g u r e s  10-12 .  Average v a l u e s  f o r  t h e  
t r a i n i n g  s e t s  a r e  shown i n  T a b l e  4 .  
P a t t e r n  C l a s s i f i c a t i o n  
P a t t e r n  c l a s s i f i c a t i o n  t e c h n i q u e s  a r e  b e i n g  
u s e d  i n  many f i e l d s  o f  s t u d y  t o  i d e n t i f y  o b j e c t s  and 
t h e i r  p a r a m e t e r s  from m u l t i - d i m e n s i o n a l  measurements .  
The measurements  o f  t h e  p a r a m e t e r  which u n i q u e l y  
c h a r a c t e r i z e  a n  o b j e c t  c o n s t i t u t e  a  s i g n a t u r e  by  which 
t h e  o b j e c t  can  b e  i d e n t i f i e d .  S i m i l a r  o b j e c t s  can  h e  
d i s t i n g u i s h e d  by t h e  c h a r a c t e r i s t i c s  i n  wllich t h e y  
d i f f e r .  
The i n t e l l e c t u a l  t a s k s  o f  l e a r n i n g  and com- 
p a r i n g  must b e  mechanized s o  t h a t  a  machine h a s  t h e  
a b i l ' i t y  t o  l e a r n  s i g n a t u r e s .  I t  must a l s o  b e  a b l e  to 
compare and s o r t  new d a t a  accordi.ng t o  t he  i d e n t i t y  o:E 
the  o b j e c t  p r e s e n t e d .  In  o r d e r  t o  accomplish t h e s e  
I 
t a s k s ,  a  mathemat ical  model o r  machine i s  developed s o  
t h a t  each new d a t a  s e t  ( o r  p a t t e r n )  i s  compared w i t h .  i I 
prev ious  knowledge and t h e  machine responds w i th  t h e  1 I 
c o r r e c t  c l a s s i f i c a t i o n .  1 
I 
One way of  accomplishing t h i s  i d e n t i f i c a t i o n  
i s  t h e  development of d iscr imi .nant  f u n c t i o n s  from meas - 
urements of  known o b j e c t s  . Two e s s e n t i a l  p r o p e r t i e s  
I 
of t h e s e  f u n c t i o n s  a r e  t h a t  they must be r e a l  and s i n -  
g l e  va lued  and t h a t  t h e  va lue  of  t he  d i s c r i m i n a n t  f ~ r n c -  
t i c n  cor responding  t c  t h e  c o r r c c t  class c l a s s i f i c a t i o n  
f o r  a p a r t i c u l a r  p a t t e r n  must have t h e  l a r g e s t  value 
compared t o  o t h e r  va lues  of  d i s c r i m i n a n t  f u n c t i o n s  f o r  
t h a t  p a t t e r n .  Thus a  d a t a  p o i n t  i s  c l a s s i f i e d  as  b e -  
long ing  t o  t h e  ca t ego ry  whose d i s c r i m i n a n t  f u n c t i o n  
i s  l a r g e s t  f o r  t h a t  d a t a  p o i n t .  
S ince  l i n e a r  f u n c t i o n s  a r e  g e n e r z l l y  s imple  
t o  implement, s e v e r a l  commonly used discri.minan-t 
f u n c t i o n s  were s e l e c t e d  t o  ana lyze  t h e  s  c a t t e r o m e t e r  
d a t a .  The f i r s t  d i s c r i m i n a n t  f u n c t i o n  s e l e c t e d  was 
based on t h e  maximum-likelihood o r  Rayes d e c i s i o n  c r i -  
t e r i a .  This  approach a s s i g n s  t h e  p a t t e r n  t o  the  c a t e -  
gory f o r  which t h e  p r o b a b i l i t y  o f  t he  p a t t e r n  occu r r ing  
f o r  t h a t  c a t ego ry  i s  g r e a t e s t .  This method assumes t h a t  
t he  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  i s  known. Disc r iminan t  
f u n c t i o n s  a r e  exp re s sed  i n  terms of  t h e s e  p r o b a b i l i t y  
f u n c t i o n s  and t h e i r  pa ramete rs .  
The most commonly used c l a s s i f i e r  of  t h i s  
- type  i s  developed from m u l t i v a r i a t e  Gaussian d i s t r i -  
b u t i o n  where each ca t ego ry  i s  assumed e q u a l l y  p r o b a b l e ,  
The means and v a r i a n c e s  o f  t h e s e  d i s t r i b u t i o n s  a r e  as - 
sumed t o  be t h e  means and v a r i a n c e s  o f  t he  t r a i n i n g  s e t s  
( d a t a  f o r  which t h e  c l a s s i f i c a t i o n  i s  assumed o r  known) . 
In  t h i s  ca se  t h e  d i s  c r i m i n ' a ~ t  f u n c t i c n  Secones : 
1 1 T gi(X) = l og  p i - 2  l o g  l,T 1 -Z  [X-Mi] X-' [X-Mi] (4) 
where : X = i s  t h e  n -d imens iona l  p a t t e r n  
gi(X) = i s  t h e  d i s c r i m i n a n t  f u n c t i o n  of t h e  i t h  
ca t ego ry  
P i  = i s  t h e  p r o b a b i l i t y  o f  t h e  occur rence  of t h e  i t h  ca t ego ry  
&Ii = mean p a t t e r n  of  t h e  i t h  ca t ego ry  t r a i n i n g  
s e t  
and C = i s  t h e  cova r i ance  m a t r i x  o f  t h e  t r a i n i n g  
s e t  
The s e c o ~ ~ d  d i s c r i m i n a n t  f u n c t i o n  s e l e c t e d  was 
based  on the  minimum d i s t a n c e  c r i t e r i a .  I n  t h i s  case 
t h e  mean va lues  o f  the  p a t t e r n  v e c t o r s  a r e  computed for 
each ca tegory .  A p a t t e r n  i s  t hen  a s s igned  t o  t h e  c a t e -  
gory t o  which i t  i s  c l o s e s t  ( i n  some sense )  t o  t h e  mean, 
I n  t h i s  case  t h e  normal E u c l i d i a n  concept  of d i s t a n c e  
was used and the  d i s c r i m i n a n t  f u n c t i o n  subsequen t ly  
be comes 
'where : Pi i s  t h e  mean v a l u e  of t h e  t r a i n i n g  s e t  and 
g.  (X) and X a r e  t h e  d i s c r i m i n a n t  f u n c t i o n  and 
1 
p a t t e r n  as  b e f o r e .  
These two c l a s s i f i c a t i o n  a lgo r i t hms  were t r i e d  
. . 
on t h e  d a t a  w i t h  t h e  s e t s  which were c l a s s i f i e d  from t h e  
ground photography t aken  as  t r a i n i n g  s e t s .  The r e s u l t a n t  I 
c l a s s i f i c a t i o n  of t he  d a t a  was compared w i t h  t h e  ground 1 
E 
photography mosaics .  The minimum d i s t a n c e  technique  i E 
worked w e l l  i n  c l a s s i f y i n g  a l l  o f  t h e  l i n e s .  The Bayes 
c r i t e r i a  however, f a i l e d  i n  t h e  c l a s s i f i c a t i o n  because 1 
i 
of  t h e  s t r o n g  c o r r e l a t i o n  between t h e  d a t a  a t  each  angle, I i 
The use  of  t h i s  p a r t i c u l a r  t echn ique  was abandoned i n  1 i 
f a v o r  of  t h e  minimum d i s t a n c e  c r i t e r i a  i n  f u r t h e r  i d e n -  
t i f i c a t i o n .  . A d i sadvantage  of  t h e  minimum d i s t a n c e  
c r i t e r i a  i s  t h e  weigh t ing  of t h e  d i s c r i m i n a n t  f u n c t i o n  
by t h e  l a r g e r  elements of t he  p a t t e r n .  
I t  was n o t  p o s s i b l e  i n  g e n e r a l  t o  o b t a i n  a 
one- to-one correspondence between t h e  d a t a  c e l l s  and 
a  p o i n t  on t h e  ground. The re fo re ,  major homogeneous 
a r e a s  were s e l e c t e d  from t h e  f l i g h t  l i n e  and d a t a  
po in t s  from w e l l  w i t h i n  t h e s e  boundar ies  were s e l e c t e d  
f o r  comparison. The r e s u l t s  o f  c l a s s i f i c a t i o n  i n  
t h e s e  r eg ions  i s  shown i n  Table 5 where t he  t o t a l  
number o f  p o i n t s ,  t hose  c o r r e c t l y  c l a s s i f i e d ,  t h o s e  
p o i n t s  c l a z s i f i e d  i n  a  r e l a t e d  ca t ego ry  ( a  f i r s t -  
y e a r  type a s  ano the r  f i r s t - y e a r  'type) and t h e  num- 
b e r  o f  g r o s s l y  i n c o r r e c t  c l a s s i f i c a t i o n  a r e  l i s t e d .  
C l u s t e r i n g  Techniques 
S e v e r a l  ana lyse s  were conducted i n  an a t -  
tempt t o  determine computed paramete rs  which might be 
used t o  d i s t i n g u i s h  i c e  t ypes .  These ana lyse s  con- 
s i s  t e d  e s s e n t i a l l y  of  s e l e c t i n g  paramete rs  and p r c -  
s e n t i n g  them on a c l u s t e r  p l o t  t o  observe t h c  degrcc  
o f  s i m i l a r i t y  i n  a  c l a s s  and t h e  s e p a r a t i o n  between 
c l a s s e s .  
Among the  paramete rs  i n v e s t i g a t e d  were s u r -  
f a c e  roughness f a c t o r ,  sl-ope of a  b e s t - f i t  l i n e  t h r o u g h  
t h e  d a t a , .  i t s  ze ro  degree  i n t e r c e p t  and the  average 
va lue  o f  t h e  d a t a .  The b e s t  grouping and i n t e r - c l a s - .  
s i f i c a t i o n  s e p a r a t i o n  occur red  f o r  t h e  s lope -ave rage  
v a l u e  p l o t s  which a r e  p r e s e n t e d  i n  F igu re s  13-15,  
Average va lues  f o r  t h e  t r a i n i n g  s e t s  a r e  shown i n  
Table 6 .  
S e v e r a l  n o r m a l i z a t i o n  t echn iques  were ap- 
p l i e d  between l i n e s  i n  an a t t e m p t  t o  reduce t he  e f -  
f e c t  of  t h e  d a t a  d i s c r e p a n c i e s .  The most s u c c e s s f u l  
o f  t h e  t echniques  a t t empted  was t h e  n o r m a l i z a t i o n  o f  
each l i n e  about  a  major  i c e  ca t ego ry  common t o  each ,  
I n  t h i s  ca se  f i r s t - y e a r  i q e  was u sed ,  and i t  was noteed 
t h a t  t h e  major c l a s s e s  s e p a r a t e d  s u f f i c i e n t l y  t o  a l l o w  
g ros s  c l a s s i f i c a t i o n  by merely observ ing  t h e  d a t a .  I n  
F igu re  16 t h e  c l u s t e r  p l o t  o f  t h e  normal ized s l o p e  and 
average v a l u e  a r e  shown f o r  t h e  p o i n t s  from t h e  t h r e e  
l i n e s .  I n  t h i s  n o r m a l i z a t i o n  t h e  average va lues  of 
t h e  s l o p e  and average f o r  f i r s t - y e a r  i c e  were de te rmined  
and t h e s e  were s u b t r a c t e d  from a l l  t h e  d a t a  p o i n t s .  The 
t h r e e  major c a t e g o r i e s  c l u s t e r  w e l l .  T r a n s i t i o n  p o i n t s  
a r e  t hose  which f a l l  o u t s i d e  of  t h e  major c l u s t e r .  Due 
t o  t he  s h o r t a g e  of  d a t a  from o t h e r  l i n e s  and t h e  em- 
p h a s i s  on d i s t i n g u i s h i n g  va.riati0n.s w i t h i n  major c a t e -  
g o r i e s ,  t h e  n o r m a l i z a t i o n  concepts  were n o t  developed 
f u r t h e r .  
Each of t he  a n a l y s i s  t echn iques  a p p l i e d  was 
s u c c e s s f u l ,  t o  va ry ing  deg rees ,  i n  c l a s s i f y i n g  major 
groupings  of i c e  where t h e  c l a s s i f i c a t i o n  was l i m i t e d  
t o  t he  l i n e s  i n  which t he  t r a i n i n g  was done. I t  ap-  
peared  from t h e s e  ana lyse s  and from a t tempts  a t  d a t a  
n o r m a l i z a t i o n  t h a t  t h e  d i e l e c t r i c  s h i f t  as w e l l  a s  
t h e  roughness c h a r a c t e r i s t i c  were neces sa ry  i n  t h e  
c l a s s i f i c a t i o n  of d a t a .  
One s p e c i f i c  t echnique  can n o t  be s i n g l e d  
o u t  a s  be ing  f a r  b e t t e r  than  t h e  o t h e r s ,  because  o f  
t he  l i m i t e d  n a t u r e  of  t h e  d a t a  and t h e  l i m i t e d  number 
o f  d a t a  p o i n t s  p e r  t r a i n i n g  s e t  ( p a r t i c u l a r l y  i n  types  
o f  f i r s t - y e a r  i c e )  do n o t  p r e s e n t  a  s u f f i c i e n t l y  b road  
base  upon which a  d e c i s i o n  cou ld  be founded. However, 
t h e  s l o p e - a v e r a g e ,  modi f ied  K i r chhof f ,  and minimum 
d i s t a n c e  p a t t e r n  c l a s s i f i c a t i o n  t echn iques  seem t o  
o f f e r  t h e  b e s t  d i s c r i m i n a t i o n  between s u b c l a s s e s  i n  
t h e  f i r s t - y e a r  i c e .  
SCATTEROMETER SIGNAL PROCESSING 
The r a d a r  s c a t t e r o m e t e r  t r a n s m i t  a  f a n  beam 
s i g n a l  which i s  s c a t t e r e d  by t h e  t e r r a i n  p r o v i d i n g  a 
r e t u r n  s i g n a l  t o  t h e  r a d a r  which v a r i e s  bo th  i n  am- 
p l i  tude and f requency .  This dopple r  f requency  s h i f t  
is dependent upon t h e  v e l o c i t y  of  t h e  a i r c r a f t ,  i t s  
a l t i t u d e  and t h e  ang le  a t  which t h e  t e r r a i n  c e l l  i s  
viewed. The ampl i tude of t h e  r e t u r n  depends upon t h e  
ang le  o f  i l l u m i n a t i o n  and t h e  complex i n t e r a c t i o n  o f  
t h e  t e r r a i n  and t h e  r a d a r  s i g n a l .  Thus t h e  s c a t t e r  
from t h e  t e r r a i n  f o r  a  s p e c i f i c  ang le  occurs  i n  t he  
r e c e i v e d  s i g n a l  a t  a  unique f requency and decoding o f  
s c a t t e r o m e t e r  d a t a  f o r  an ang le  r e q u i r e s  t h e  s e p a r a -  
t i o n  of i t s  p a r t i c u l a r  f requency from t h e  t o t a l  r e t u r n ,  
I n  p r e s e n t  s c a t t e r o m e t e r  s y s  tems t h e  r e t u r n  
s i g n a l  i s  p roces sed  so  t h a t  i t  might be  recorded  on 
magnet ic  t a p e .  This i s  accomplished by a  t r a n s l a t i o n  
of t h e  r e t u r n  s i g n a l  from t h e  microwave f r e q u e n c i e s  to 
t h e  aud io  dopp le r  s h i f t  f r e q u e n c i e s  which can be con- 
v e n i e n t l y  recorded  on magnet ic  t a p e .  A s  a  consequence 
of t h i s  p r o c e s s i n g ,  t h e  s i g n a l s  from t h e  a f t  d a t a  cells 
a r e  f o l d e d  on to  t hose  from the f o r e  c e l l s .  To e n a b l e  
t h e  s e p a r a t i o n  o f  t h e  f o r e  and a f t  d a t a  t h e  r e t u r n  
s i g n a l  i s  q u a d r a t u r e  s h i f t e d  and t h e n  f r e q u e n c y  t r a n s -  
l a t e d  a s  above t o  p r o v i d e  a  secon-d o u t p u t  s i g n a l ,  t.hus 
t h e  o u t p u t  from t h e  s c a t t e r o m e t e r  s y s t e m  c o n s i s t s  o f  
two c h a n n e l s  o f  d a t a  at a u d i o  f r e q u e n c i e s  which a r e  
s u b s e q u e n t l y  r e c o r d e d  on m a g n e t i c  t a p e .  
The s c a t t e r  a t  a  p a r t i c u l a r  a n g l e  can  b e  ob- 
t a i n e d  by e x t r a c t i n g  t h e  i n f o r m a t i o n  from t h e s e  c h a n n e l s  
by f i l t e r i n g  a t  t h e  c o r r e s p o n d i n g  d o p p l e r  f r e q u e n c y .  
T h i s  f i l t e r i n g  can  b e  accompl i shed  by e i t h e r  d i g i t a l  o r  
a n a l o g  methods.  By d e t e c t i n g  and a d d i n g  t h e s e  d o p p l e r  
s i g n a l s  f rom t h e  two c h a n n e l s ,  t h e  f o r e  d a t a  a t  t h e  
s p e c i f i e d  a n g l e  can  b e  e x t r a c t e d .  
The s e t  o f  d a t a  u s e d  t o  c h a r a c t e r i z e  a g round  
d a t a  c e l l  is t h e  s c a t t e r  f rom t h a t  c e l l  a t  s e v e r a l  an-  
g l e s .  To o b t a i n  t h i s  i n f o r m a t i o n  f o r  a  d a t a  c e l l  t h e  
s i g n a l s  from t h e  d e s i r e d  a n g l e s  a r e  t ime  s h i f t e d  s o  
t h a t  t h e  r e t u r n s  from t h e  c e l l  a l i g n .  These s i g n a l s  
a r e  c o n v e r t e d  t o  v a l u e s  o f  t h e  s c a t t e r i n g  c o e f f i ' c i e n t  
by a p p l i c a t i o n  o f  t h e  r a d a r  e q u a t i o n .  T h i s  s e t  o f  s c a t -  
t e r i n g  c o e f f i c i e n t s  i s  e s s e n t i a l l y  t h e  d a t a  u s e d  f o r  
t e r r a i n  c h a r a c t e r i z a t i o n  by a i r b o r n e  s c a t t e r o m e t e r  meas- 
u remen t s .  
CLASSIFIER S I M U L A T I O N  
.A s imp le  s i m u l a t i o n  of r a d a r  scat terornet-er  
d a t a  was made u s i n g  audio  f r e q u e n c i e s  t o  t e s t  t h e  Eea- 
s i b i l i t y  o f  a  system scheme f o r  t h e  n e a r  r e a l - t i m e  
i d e n t i f i c a t i o n  of  i c e  type .. S c a t t e r i n g  c o e f f i c i e n t s ,  
c a l c u l a t e d  from Miss ion 47  were encoded by ampl i tude 
modulat ion of s i n u s o i d a l  s i g n a l s  a t  s i m u l a t e d  dopple r  
s h i f t  f r e q u e n c i e s .  These s i g n a l s ,  r e p r e s e n t i n g  t h e  
r e t u r n  a t  s e v e r a l  a n g e l s ,  were summed t o  p rov ide  t h e  
s i g n a l  used t o  r e p r e s e n t  t h e  s c a t t e r o m e t e r  r e t u r n  s i g -  
n a l .  Th is  was recorded  on analog magnet ic  t a p e .  
In' subsequent  p r o c e s s i n g ,  t h i s  s i g n a l  was 
f i l t e r e d  a t  t h e  s imu la t ed  d o p p l e r  f r e q u e n c i e s  and t h e s e  
o u t p u t s  were magnitude d e t e c t e d  t o  p r e s e n t  t he  back-  
s c a t t e r  r e t u r n  t o  t h e  c l a s s i f i c a t i o n  sys tem.  The phases  
o f  p r o c e s s i n g  which i n c l u d e  t h e  s h i f t i n g  of t h e  d a t a ,  
t h e  s e p a r a t i o n  of f o r e  and a f t  d a t a  and t h e  subseq~aen t  
c a l c u l a t i o n  of s c a t t e r i n g  c o e f f i c i e n t  were n o t  a t t empted  
a t  t h i s  t ime .  The pr imary purpose  of t h e  exper iment  was 
t o  determine t h e  r e l a t i v e  worth of  an analog c l a s s i f i - c a -  
t i o n  scheme. 
ANALOG IMPLEMENTATION 
The a n a l o g  c i r c u i t r y  was u s e d  h e r e  t o  p e r f o r m  
t h r e e  b a s i c  f u n c t i o n s .  I t  p r o v i d e d  t h e  a c t i v e  p o r t i o n  
of  t h e  bandpass  f i l t e r s ,  i t  p r o v i d e d  p r e l i m i n a r y  s i g n a l .  
p r o c e s s i n g  r e s u l t i n g  i n  c l a s s i f i c a t i o n  pa ra .me te r s ,  and 
i t  p r o v i d e d  f o r  i m p l e m e n t a t i o n  o f  t h e  c l a s s i f i c a t i o n  
a l g o r i t h m .  An a n a l o g  approach was t a k e n  p r i m a r l y  b e -  
c a u s e  o f  t h e  s i m p l i c i t y  o f  t h e  o v e r a l l  s y s t e m  scheme 
and t h e  v e r s a t i l i t y  o f  a n a l o g  computa t ion  f o r  t h e  s o l -  
u t i o n  of  l i n e a r  e q u a t i o n s .  Othe r  v a l i d  r e a s o n s  f o r  a.n 
a n a l o g  i m p l e m e n t a t i o n  a r e  t h e  f o l l o ~ r r i n g :  
a )  n e a r l y  i n s  t a n l a n e o u s  computa t j  on 
b )  e a s e  o f  p a r a m e t e r  a d j u s t m e n t  
c) compatabi3. i ty  w i t h  anal.og o u t p u t s  
d)  e a s g  i n  i m p l e m e n t a t i o n  o f  i n t e g r a t i o n .  
Three  b a s i c  a n a l o g  c i r c u i t s  were  used  i n  
t h i s  e x p e r i m e n t  and a r e  shown i n  F i g u r e  1 7 .  The f i r s t  
i s  t h e  a n a l 0 6  a d d e r .  A s  i s  d e p i c t e d  s e v e r a l  s i g n a l s ,  
i n  t h i s  c a s e  x l ,  x 2 ,  and x j  a r e  p r e s e n t e d  t o  t h e  a d d e r  
ne twork  w i t h  v a r i a b l e  c o e f f i c i e n t s  A1, A 2 ,  A 3  and t h c  
o u t p u t  i s  t h e  l i n e a r  po lynomia l  shown. l'hc sccontl  c i r -  
c u i t  u sed  i s  a b a n d - p a s s  f i l t e r  which a l l o w s  o n l y  a 
narrow band of f r e q u e n c i e s  n e a r  i t s  c e n t e r  frequeircy 
f o  t o  p a s s  u n a t t e n u a t e d .  The t h i r d  c i r c u i t ,  a  com- 
p a r a t o r  determines  t he  s i g n  of i t s  i n p u t  and p r o v i d e s  
an o u t p u t  v o l t a g e  a t  V1 o r  V 2  a c c o r d i n g l y .  It is corn- 
b i n a t i o n s  o f  t h e s e  t h r e e  b a s i c  c i r c u i t s  which make u p  
.the des c r i b e d  s y s  tem. 
The c l a s s i f i c a t i o n  p o r t i o n  of t h e  i d e n t i f i -  
c a t i o n  sys tem was implemented by t h e  programming o f  
l i n e a r  d i s c r i m i n a t i o n  f u n c t i o n s .  This g e n e r a l  c l a s s  
of  d i s c r i m i n a n t  f u n c t i o n s  a l lows implementat ion over 
a broad  range of d e c i s i o n  c r i t e r 2 a .  Among t h e  p e r -  
m i s s i b i e  c r i t e r i a  a r e  minimum d i s t a n c e  t o  t he  mean, 
mzximzn l i k e  l i h o c d  amcl:g c e r t a i n  d i s  t r i b u t i o ~ s  , 2nd 
o t h e r s  f o r  which t h e  d i s c r i m i n a n t  f u n c t i o n  reduces  t o  
a l i n e a r  e q u a t i o n .  
This form of c l a s s i f i c a t i o n  a n a l y s i s  c a l l s  
f o r  d i v i s i o n  of t h e  paramete r  space  by hyperp lanes  into 
t h e  v a r i o u s  s e c t i o n s  c o n t a i n i n g  t h e  accumulat ion o f  
p o i n t s  be longing  t o  t h e  d e s i r e d  c l a s s e s .  This  i s  ac -  
complished i n  t h e  case  of two c l a s s e s  by programming 
a l i n e a r  f u n c t i o n  which has  t h e  v a l u e  zero  a long  t h e  
boundary between t h e  two c l a s s e s .  Thus i f  t h e  f u n c t i o n  
e v a l u a t e d  a t  a  p o i n t  has  a  p o s i t i v e  v a l u e ,  t h a t  point 
may be cons ide red  as  be longing  t o  one c l a s s ,  and t o  
t h e  o t h e r  i f  t h e  va lue  of t h e  f u n c t i o n  i s  n e g a t i v e .  
This i s  r e p r e s e n t e d  f o r  two c l a s s e s  i n  Figure  18. 
For a  l a r g e r  number of c l a s s i f i c a t i o n  paramete rs  o r  
c l a s s e s  t h i s  t echn ique  can be expanded by t h e  a d d i -  
t i o n  of  .the a p p r o p r i a t e  l o g i c  c i r c u i t r y .  
I n  t h i s  s i m u l a t i o n  t h e  minimum d i s t a n c e  
t o  t h e  mean was s e l e c t e d  as  t h e  d e c i s i o n  c r i t e r i a  and 
t h e  i d e n t i f i c a t i o n  was r e s t r i c t e d  t o  two c l a s s e s  and 
t h r e e  dimensions .  A l l  d a t a  p o i n t s  producing a  v a l u e  
o f  t h e  d i s c r i m i n a n t  f u n c t i o n  g r e a t e r  than zero  a r e  
c l a s s i f i e d  a s  be longing  t o  c l a s s  I1 and those  p r o -  
I 
ducirlg va lues  o f  l e s s  thar,  z e ro  a r e  c l a s s i f i e d  a s  be-  
i 
long ing  t o  c l a s s  I .  
Values of  t h e  s c a t t e r i n g  c o e f f i c i e n t s  were 
taken from l i n e  9 4  and t h e  two c l a s s e s  cons ide red  were 
m u l t i - y e a r  i c e  and f i r s t - y e a r  i c e .  Two procedures  were 
used i n  o b t a i n i n g  va lues  f o r  t h e  c l a s s i f i c a t i o n  p a r a -  
mete rs .  I n  the  f i r s t  t he  a c t u a l  va lues  o f  t h e  s c a t -  
t e r i n g  c o c f f i c i c n t s  a t  s c v e r a l  ang lcs  ( 7 . 2 O ,  1 5 . 0 ° ,  
2 5 " )  were used and t h e  i d e n t i f i c a t i o n  sys tem e s s e n t i a l l y  
compared t h e  i n p u t  s c a t t e r i n g  c o e f f i c i e n t  va lues  w i t h  
t h e  average  s c a t t e r i n g  c o e f f i c i e n t s  o f  t h e  t r a i n i n g  s e t s ,  
This i s  t h e  implementat ion of t h e  p rocedure  d e s c r i b e d  
i n  t h e  p roceed ing  s e c t i o n  on P a t t e r n  C l a s s i f i c a t i o n ,  
I n  t h e  second procedure ,  t h e  i n p u t  s c a t t e r i n g  
c o e f f i c i e n t s  were f i t  by a  l i n e a r  polynomial  (Tab le  3 ,  
11) .  I f  t h e  d a t a  ang les  and t h e  polynomial  a r e  f i x e d ,  
and the  number o f  measurements i s  g r e a t e r  than  t h e  
number of  terms of  t h e  polynomial ,  t h e  determinat i .on 
of  t h e  c o e f f i c i e n t s  o f  t h e  polynomial  (which i s  t h e  
b e s t  l e a s t  squa re  f i t  t o  t h e  d a t a )  reduces  t o  the  cal- 
c u l a t i o n  of a  s e t  of  l i n e a r  equa t ions  r e a d i l y  imple-  
mented on the  ana log  computer.  These c o e f f i c i e n t s  
were t hen  used a s  c l a s s i f i c a t i o n  pa rame te r s .  
I n  F igu re  19 i s  shown t h e  c i r c u i t r y  f o r  t h e  
c l a s s i f i c a t i o n  procedure .  The magnet ic  t a p e  u n i t  on 
which t h e  s i m u l a t e d  s i g n a l  was recorded  appears  on the 
l e f t .  The s i g n a l  from the  r e c o r d e r  i s  passed  t l ~ r o u g h  
f i l t e r s  and i s  d e t e c t e d  t o  p rov ide  va lues  f o r  t h e  scat- 
t e r i n g  c o e f f i c i e n t  a t  t h r e e  a n g l e s .  I n  t h e  paramete r  
c a l c u l a t i o n  s e c t i o n ,  t h r e e  c a l c u l a t i o n s  a r e  made t o  de- 
t e rmine  t h e  c o e f f i c i e n t s  of  t h e  b e s t  f i t  of  1inea.r poly- 
nomial .  These c o e f f i c i e n t s  a r e  then  p r e s e n t e d  as  c l a s -  
s i f i c a t i o n  paramete rs  t o  t h e  c i r c u i t r y  p r o v i d i n g  the 
d i s c r i m i n a n t  implementat ion.  The c a l c u l a t e d  va lue  o f  
t h e  d i s c r i m i n a n t  f u n c t i o n  i s  t h e n  p r e s e n t e d  t o  t h e  
compara tor  which p r o v i d e s  t h e  d r i v i n g  v o l t a g e  f o r  t h e  
c l a s s i f i c a t i o n  i n d i c a t o r s .  
A number of d a t a  p o i n t s  were i n t r o d u c e d  t o  
t h e  s y s t e m  i n  t h i s  manner t o  d e t e r m i n e  what  degrada-  
t i o n s  cou ld  be  e x p e c t e d  i n  an a n a l o g  implementa t ion  
o f  a  c l a s s i f i e r .  I t  was d e t e r m i n e d  t h a t  t h e  a n a l o g  
sys tem c l a s s i f i e d  d a t a  a s  w e l l  a s  t h e  c o r r e s p o n d i n g  
implementa t ion  on a  g e n e r a l  p u r p o s e  d i g i t a l  computer 
and t h a t  t h e  major  problem i n  t h i s  sys tem i s  t h e  de -  
t e r m i n a t i o n  o f  a  s u i t a b l e  i d e n t i f i c a t i o n  a l g o r i t h m  
f o r  c l a s s i f i c a t i o n  of  i c e  t y p e s .  
Th i s  s i m u l a t i o n  h a s  shown t h a t  a n  a n a l o g  
i d e n t i f i c a t i o n  s y s t e m  f o r  c e r t a i n  a l g o r i t h m s  can b e  
b u i l t  r a t h e r  s i m p l y ,  a t  an e x p e c t e d  lower  expense  
t h a n  a  c o r r e s p o n d i n g  d i g i t a l  sys tem.  I t  h a s  a l s o  
shown t h a t  t h e  d e g r a d a t i o n  of  i d e n t i f i c a t i o n  i n  an 
a n a l o g  s y s t e m  i s  n o t  a p p r e c i a b l y  d i f f e r e n t  than  a  
d i g i t a l  s y s t e m  and depends p r i m a r i l y  on t h c  i r l c n t i -  
f i c a t i o n  a l g o r i t h i m  u s e d .  
QUANTITATIVE S E A  I C E  MODEL 
I 
A p o p u l a r  model u s e d  t o  d e s c r i b e  e l e c t r o m a g -  
n e t i c  s c a t t e r  f rom s e a  i c e  h a s  been  t h e  " l a y e r 1 '  m o d e l  
a p p l i c a b l e  t o  f r e s h  w a t e r  i c e ,  w i t h  t h e  a d d i t i o n  o f  a. 
d i f f u s e  i n t e r f a c e  be tween t h e  w a t e r  and t h e  u n d e r s i d e  
o f  t h e  i c e .  F o r  t h i s  model ,  t h e  boundary  v a l u e s  a t  
t h e  u p p e r  i c e  s u r f a c e  s a t i s f y  t h e  d e s c r i p t i v e  e q u a t i o n ,  
i . e .  t h e  i c e  media i s  c o n s i d e r e d  i n f i n i t e l y  t h i c k .  
The a t t e n u a t i o n  measurements  by Hoeks t r a  s u g g e s t  t h a t  
t h e  i c e - w a t e r  boundary  i s  se ldom e x c i t e d  b y  i n c i d e n t  
r a d a r  s i g n a l s ,  e x c e p t  f o r  v e r y  t h i n  i c e ,  and t h a t  t h e  
I 
n e z r - s u r f a c e  volume c c n t r c l s  t h e  s c a t t e r i n g  charsc-  
t e r i s t i c s .  F o l l o w i n g  a c c e p t e d  p r a c t i c e s  o f  e s t i m a t i n g  
s c a t t e r i n g  b e h a v i o r  a t  a n  i n t e r f a c e ,  t h e  f a c t  t h a t  t h e  
a t t e n u a t i o n  o f  s e a  i c e  i s  h i g h e r  t h a n  p r e v i o u s l y  imagined 
would n o t  a l t e r  t h e  a p p r o a c h ,  b u t  would m e r e l y  change 
t h e  r e f l e c t i o n  c o e f f i c i e n t ,  hence  a l t e r i n g  t h e  magni- 
t u d e  o f  t h e  c a l c u l a t e d  r a d a r  c r o s s  s c c t i o n .  
l h p e r i m e n t a l  d a t a  have  beer1 r e a s o n a b l y  we1 l 
f i t  u s i n g  t h e o r y  b a s e d  upon s u c h  a  model and e l a b o r a t e  
r a t i o n a l i z a t i o n  h a s  been  d e v e l o p e d  t o  j u s t i f y  i t s  
c a s e .  However, r e c e n t  e x p e r i m e n t a l  o b s e r v a t i o n s  by  
Leader  ( 1 9 7 0 )  s u g g e s t  a  somewhat d i f f e r e n t  model. whicl-i 
could  have c o n s i d e r a b l y  importance t o  i n t e r p r e t a t i o n  
of s e a  i c e  r a d a r  r e t u r n .  
E l ec t romagne t i c  s c a t t e r  theory  f o r  rough 
s u r f a c e s  has  advanced r a p i d l y  i n  r e c e n t  y e a r s .  S e v e r a l  
d i f f e r e n t  approaches had been advanced i n c l u d i n g  t h e  
popu la r  Kirchhoff  method (Beckmann and Sp i  z i ch ino  1964) 
and t h e  s m a l l  p e r t u r b a t i o n  technique  (Rice 1951) .  The 
Kirchhof f  method g e n e r a l l y  f a i l s  t o  c o r r e c t l y  e s t i m a t e  
backs c a t t e r  from angles  removed from t h e  v e r t i c a l .  
The s m a l l  p e r t u r b a t i o n  method more a c c u r a t e l y  p r e d i c t s  
t he  b a c k s c a t t e r  from t h e  mid-angles ,  b u t  f a i l s  n e a r  the  
n a d i r  and t h e  assumptions about  t h e  n a t u r e  o f  t h e  rough 
s u r f a c e  a r e  d i f f i c u l t  t o  subs  t a n t i a t e  f o r  n a t u r a l  t e r -  
r a i n .  One of t h e  most unexp la inab l e  c h a r a c t e r i s t i c s  of 
t h e  Kirchhoff  method i s  t h a t  i t  cannot  account  f o r  any 
s i g n i f i c a n t  d e p o l a r i z e d  component i n  t h e  b a c k s c a t t e r  
d i r e c t i o n .  The s m a l l  p e r t u r b a t i o n  does p r e d i c t  a  de-  
p o l a r i z a t i o n  component caused by a  s u r f a c e  s c a t t e r i n g  
phenomena. The merger of t h e s e  two t echn iques  u s i n g  a  
composite s u r f a c e  concept  (Semyonov, 1966 ; Fung and 
Chan, 1969; Wright ,  1968) have proven very  s u c c e s s f u l  
f o r  e x p l a i n i n g  s c v e r a l  p r cv ious  l y  unmnnagcnl~l c c h a r -  
a c t c r i s t i c s  of  r a d a r  mcnsurcmcnts of na turn  1 s u r  f ; ~ c c s .  
I n  t he  c o n t e x t  of r a d a r  s t u d i e s  of R r c r i c  
i c e ,  t h e  development of  t h e s e  g e n e r a l  s c a t t e r i n g  
t h e o r i e s  should  irnprove t h e  a b i l i t y  to r e l - a t e  b a c k -  
s c a t t e r  measurements t o  s u r f a c e  pa rame te r s .  Unfor- 
t u n a t e l y ,  only  s u r f a c e  paramete rs  hzve a p p ~ e c i a b 3 e  
e f f e c t  on t he  t h e o r e t i c a l l y  p r e d i c t e d  behavior  of the 
r a d a r  r e t u r n .  I d e a l l y  t h e  ve ry  d i s t i n c t i v e  c h a r a c t e r  
of t he  n e a r - s u r f a c e  volume of i c e  would be i n f l u e n t i a l  
i n  t h e  s c a t t e r i n g  behav io r .  The nonhomogeneous, a n -  
i s o t r o p i c  upper volume of s e a  i c e  i s  h i g h l y  type o r  
age dependent and,  i f  r ecorded  i n  t h e  r a d a r  b a c k s c a t t e r ,  
i t  shou ld  subs  t a n t i a l l y  improve t h e  i c e  t ype  i den t i . f  i- 
c a t i o n  c a p a b i l i t y  o f  t h e  s s n s o r .  
The cohe ren t  o p t i c s  exper iments  by Leader 
p rov ide  s t r o n g  ev idence  t h a t  t h e  g e n e r a l  s c a t t e r i n g  
t h e o r i e s  d i s c u s s e d  above a r e  inadequa te  f o r  p r e d i c t i n g  
s e a  i c e  b a c k s c a t t e r ,  e s p e c i a l l y  f o r  t h e  d e p o l a r i z e d  
component. Leader showed t h a t  a  t h e o r y  based  on the  
Kirchhof f -Huygens p r i n c i p l e  can s a t i s f a c t o r i l y  e s t i m a t e  
s c a t t e r  from a  wide range of rough s u r f a c e s .  More i m -  
p o r t a n t l y ,  h i s  work e s t a b l i s h e d  t h a t  t h e  Kirchhoff  method 
c o r r e c t l y  p r e d i c t e d  t h e  l ack  of  any s i g n i f i c a n t  d e p o l a r -  
i z n t i o n  of: the  s c a t t e r  i n  t h e  p l a n e  of  i n c i d e n c e .  'This 
phase of  t h e  exper iment  employed an o p t i c a l l y  "b lackv  
s u r f a c e  f o r  which t h e r e  were no con . t r ibu t ions  from t h e  
volume, i .  e .  t h e  s c a t t e r  was complete ly  s u r f a c e  depen- 
d e n t ,  I n  a  subsequent  t e s t  u s i n g  t h e  same s u r f a c e  
roughness on a  m a t e r i a l  f o r  which a  volume s c a t t e r  
component d i d  e x i s t ,  a  d e p o l a r i z a t i o n  component d i d  
e x i s t .  I n  a d d i t i o n ,  he  showed t h a t  by s u b t r a c t i n g  t h e  
d e p o l a r i z e d  s c a t t e r  energy from t h e  p o l a r i z e d  s c a t t e r  
energy,  t he  r e s u l t s  matched those  p r e v i o u s l y  recorded  
f o r  t h e  "black" m a t e r i a l .  I t  was concluded t h a t  t h e  
d e p o l a r i z e d  component was t h e  r e s u l t  of a  n e a r - s u r f a c e  
v o l u m e t r i c  s c a t t e r i n g  phenomenon. 
This  f e a t u r e  i s  n o t  i n c o r p o r a t e d  i n t o  any of 
I 
t h e  g e n e r a l  rough s u r f a c e  s c a t t e r  t h e o r i e s  and cons id -  
e r a b l y  more expe r imen ta t i on  w i l l  be r e q u i r e d  b e f o r e  an 
a p p r o p r i a t e  d e s c r i p t i o n  i s  p o s s i b l e .  However, t he  r e c -  
o g n i t i o n  of t h e  p o t e n t i a l  e x i s t a n c e  of  a  s t rong l j r  ma- 
t e r i a l  r e l a t e d  component i n  t h e  r a d a r  r e t u r n  o f f e r s  a  
new approach t o  i n t e r p r e t a t i o n  of r a d a r  b a c k s c a t t e r  
measurements o f  s e a  i c e .  
CONCLUSION 
Using t h e  angu la r  dependence c h a r a c t e r i s - i - r i . ~ ~ ~  
a  p redomina te ly  topography r e l a . t ed  pa rame te r ,  of 2 . 2 5  c m  
wavelength  b a c k s c a t t e r  from A r c t i c  i c e ,  i d e n t i f i c a t i o n  
of c e r t a i n  s e a  i c e  by type i s  p o s s i b l e .  S e v e r a l  data 
a n a l y s i s  t echn iques  developed t o  e s t a b l i s h  t he  b a c k s c a t -  
t e r  correspondence t o  s e a  i c e  type a r e  amenable t o  sin;- 
p l e  e l e c t r o n i c  hardware implenlentat ion which o f f e r  t h e  
. p o t e n t i a l  f o r  n e a r  r e a l - t i m e  i d e n t i f i c a t i o n  of  s p e c i f i c  
i c e  t ypes .  I n  a d d i t i o n ,  a  new model, based on r e c e n t  
l a b o r a t o r y  exper iments ,  i n d i c a t e s  t h e  p o t e n t i a l  f o r  i m -  
proved radar  i d e n t i f i c a t i o n  of A r c t i c  i c e  by i n c a r p c r -  
a t i o n  of the  d e p o l a r i  zed component. 
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TABLE 1 
I C E  TYPE D E F I N I T I O N  
T Y P ~  Su r f ace  
I Broken F i r s t  -Year I c e  
I I Smooth F i r s t - Y e a r  I c e  
I V  Snow Covered F i r s t - Y e a r  I c e  
I V  Water And/or New I c e  
V Mult i -Year  I c e  
V I  Weathered, Snow-Covered F i r s t - Y e a r  Ice 
TABLE 2 
K I  RCIlHOFF EQUATION RESULTS 
Line 
-
9 1  
9  1 
9 4  
9 1 
9  1 
9 2  
9 4  




- 2 . 8 0  
TABLE 3  
POLYNOMIAL F I T S  
P o l y n o m i a l  
11. f ( ~ )  = a + b 0 - l  + c 0  2 
111. f (0 )  = a + b l n 0  + ce 8  
I V .  f ( 8 )  = a + b e  0 . 4  + c e 0 . 9  
Average E r r o r  
--
1 . 0 9 0  db 
0 . 3 1 4  db 
0 . 6 7 3  d b  









9 1  - 4 . '73 6 . 2  
9 1  - 5 . 3 0  1 5 . 0  
9 4  -12.01- 4 8 . 8  
9  1 - 3 . 4 9  -11.1 
9 1  - 8 . 6 4  8 9 . 5  
9 2  - 3 . 7 4  1 2 . 2  
9  4  - 9 . 1 5  2 . 4  
TABLE 5 
Line 91 
No. 2t l;?,-,c$a 
P t s .  Cor r ec t  T~-Y. )  c 
- --JLL-- 
Irzcorre ct 
Type I (F) 11 8 .s 0 ., 
Type 11 (F) 5 4 1 0 
Type I11 (F) 5 .  3 2 0 
Type IV ( W )  20 18 0 2 
Type VI (F) 8 7 1 0 
Line 92 
Type V (MI 40 40 
Type VI (F )  1 0  10 
Line 94 
Type 11 (F) 1 2  1 2  0 
Type V (MI 17 17 0 
W - Water 
F - F i r s t - Y e a r  
M - Mult i -Year  
TABLE 6  
AVERAGE VALUES 
SLOPE- AVERAGE 
L i n e  
9 1  
9  1 
9 4  
9  1 
9  1 
92 
9 4  
9  1 
92  
S l o p e  
- , 1 6 6  
- . 2 7 5  
-. 397  
- . I 8 6  
- . 5 5 0  
- . I 8 3  
- . 2 7 3  
-. 244 
-. 2 5 4  
A v e r a g e  
- 7 . 7 7  
- 8 . 0 7  
- 1 3 . 6 0  
- 7 . 7 3  
- 8 . 8 3  
- 9 . 7 4  
-6 .96  
- 7 .79  
- 1 5 . 7 0  
A h  Photo Mosaic: Arctic Pack I ce ,  Beaufort Soa,  15 May 1967,  line 92 
Radar Return a t  7.2" Incidence Angle 
- - 
Radar Return a t  25' Incidence Angle 
Radar Return a t  45" Incidence Angle 
' 
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A P  Photo Mosaic: Arctic Pack Ice, Beaufort Sea, 15 May 1967, line 94 
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A& Photo Mosaic: Arctic Ica, Off Shore of Barrow, Alaska, 12 h4ay 1967,  lirie 9 1  
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F igu re  5 Scattering coefficient variations for first-year ice 
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